Plasma immersion ion implantation ͑PIII͒ into slender cylindrical bores with higher efficiency is described in this letter. The use of an inner end plasma source excited by a radio-frequency hollow cathode is investigated theoretically and experimentally. The end source that is covered by a small grounded shielding electrode to ensure steady discharge enables continuous delivery of the required plasmas, and the potential difference in the tube increases the ion impact energy. Particle-in-cell simulation demonstrates that the ion trajectories are complex due to the special electric field configuration that is composed of three regions characterized by ion acceleration, no electric field, and ion deceleration. The end source structure with the open shielding electrode is insufficient to achieve high ion energy, although it is effective in maintaining a steady discharge in the source. Hence, a shielding electrode with a protruding electrode structure is required to conduct high energy PIII; a cylindrical bore with an inner diameter of 20 mm is successfully implanted. However, the process is not very efficient because of two problems. The first one is how to deliver the required plasma continuously during the pulse-on phase of the negative bias. The second one is how to increase the energy of the incident ions if the tube has a small diameter. In a bore configuration, a special term termed as the ion-matrix overlap length S 0 = ͑4 0 V / en 0 ͒ 0.5 is defined, where n 0 is the plasma density and V is the maximum negative bias.
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However, the process is not very efficient because of two problems. The first one is how to deliver the required plasma continuously during the pulse-on phase of the negative bias. The second one is how to increase the energy of the incident ions if the tube has a small diameter. In a bore configuration, a special term termed as the ion-matrix overlap length S 0 = ͑4 0 V / en 0 ͒ 0.5 is defined, where n 0 is the plasma density and V is the maximum negative bias. 2 If the radius of the tube is less than S 0 , the impact energy of the incident ions diminishes substantially. This is frequently encountered in PIII of concave or tubelike structures. The use of a coaxial electrode with zero potential has been shown to improve the efficacy, 3, 4 but PIII into the interior surface of a tube with a small radius is still problematic. For instance, the ions inside a tube with a radius of 1.0S 0 are implanted into the sidewall within a very short period. 5 The time scale is very close to the rise time of negative pulses generated by typical power modulators and the ion impact energy is reduced inevitably. 6, 7 Consequently a longer pulse width does not add to the efficiency. Another limitation is related to the uniformity of the plasma density inside the tube. A difference of up to a factor of 5 has been observed in the plasma density even in tubes with big diameters. 4 To make things worse, the plasma in the tube is rapidly exhausted as soon as the electrical pulse is applied to the sidewall, and the next electrical pulse cannot be properly utilized until the inner plasma is restored via biopolar diffusion, which can take a relatively long time, especially in slender tubes with small diameters. 8 Consequently, the pulsing frequency cannot be too high, thereby increasing the total processing time. Therefore, a smaller inner plasma source that can deliver a continuous supply of high-density plasmas is very critical in this case.
In this letter, an inner end source structure based on radio-frequency ͑rf͒ hollow cathode discharge shown in Fig.  1 ͑hardware I͒ is reported. In this shielded electrode structure, a high-intensity discharge is maintained even during the pulse-on phase. In this way, high implantation efficiency and high ion energy can be achieved in combination with a longer pulse width and higher plasma density. The ion current is given by I = 0.6eC s n 0 A if the pulse width is long and a steady Child sheath is established. Here, A is the outlet crosssectional area of the end source, which is 50.24 mm 2 ͑r =4 mm͒, and C s is the ion velocity of about 0.24 cm/ s. Consequently, 1.45ϫ 10 12 ions are implanted per pulse ͑120 s͒ assuming that the plasma density in the rf hollow cathode discharge is about 10 11 cm −3 . 10 The efficiency is much higher than that in conventional PIII without the continuous inner plasma. In our setup, the small end source can a͒ Author to whom correspondence should be addressed. Tel./FAX: 0451-86418784.
Electronic addresses: xiubotian@hit.edu.cn and xiubotian@163.com. be moved coaxially so that the entire inner surface of the tube can be implanted uniformly. In this work, numerical simulation is conducted and complex ion trajectories are unexpectedly revealed. Our results also disclose that a free open shielding electrode with zero potential is not sufficient to achieve higher ion energy, although it may effectively maintain a steady discharge in the pulse-on phase. A protruding electrode ͑PE͒ structure is consequently proposed and found to improve the ion energy effectively.
In our simulation, the particle-in-cell ͑PIC͒ algorithm is utilized.
11 PIC simulation involves weighting particles in a uniform grid of nodes, calculating the electrical fields at these nodes, and interpolating the forces on the particles. The movement of particles is described by Newton's laws. The simulation region is 1.5ϫ 30 cm 2 and the tube length and inner radius are 250 and 10 mm, respectively, as shown in Fig. 1 . The top and right-hand side boundaries of the simulation regions are the chamber walls. The inner radius of the shielding electrode of the end source is 4 mm with a wall thickness of 2 mm. The electrode is at zero potential in order to maintain the hollow cathode discharge by shielding the electric field arising from the negative high voltage. The nitrogen plasma density is assumed to be 1.0ϫ 10 11 cm −3 in the end source and zero outside initially. A negative pulse V p = −20 kV with a zero rise time is applied to the tube wall.
In order to disclose the dynamics of the implanted ions, five ions at 1 cm beneath the horizontal plane of the end source are marked as shown in 2-5͒ are implanted into the tube wall with complex ion trajectories, subsequently resulting in a wide incidence distribution ͑ranging from L = 8 cm to L =20 cm͒ designated as "without PE" as shown in Fig. 2͑a͒. Figure 2͑b͒ shows that the hardware I leads to a lower ion radial velocity designated as without PE, although the central electrode with a zero potential is utilized to counteract the electric field as described in the literature. 3, 4 This can be attributed to the special electric field induced by the end source structure. As shown in Fig. 1 , the electric field can be separated into three zones. Just above the end source is the lower zone ͑A͒ whose upper boundary is the line of V = 1.0 where the ions are accelerated directly upwards. The middle zone ͑B͒ is characterized by no electric field and no ion acceleration due to overlapping of the plasma sheath. The upper zone ͑C͒ is a deceleration zone near the chamber wall. Evidently, the planar end source with an open shielding electrode cannot effectively yield a high ion velocity, although it can provide a steady and continuous supply of high-density plasma during the pulse-on phase.
In order to increase the ion energy further, a PE structure is adopted and is depicted as hardware II in Fig. 1 . This electrode structure can alter the configuration of the plasma sheath and effectively bend the electric field lines to the inner wall. This may effectively increase the radial acceleration of flying ions and weaken the effects of axial acceleration. The ions are directly implanted into the sidewall at a small local area when they exit the end source designated as "with PE" in Fig. 2͑a͒ . It should be noted that these ions are accelerated continuously before they impact the sidewall. Consequently, the average radial velocity is improved by more than 100%, which is designated as with PE in Fig. 2͑b͒ .
In order to corroborate our theoretical results, nitrogen PIII is performed on a stainless steel tube with a diameter of 20 mm. The rf end source is composed of a tantalum hollow cathode and a shielded stainless steel electrode. The gas pressure is 0.2 Pa and the rf power is 400 W. Figure 3͑a͒ depicts the tantalum and nitrogen x-ray photoelectron signals collected from the modified surface after argon ion sputtering for different time ͑sputtering rate: 5 nm/min͒ during x-ray photoelectron spectroscopy analysis. The tantalum signal stems from the cathode materials of the end source due to rf sputtering and may be reduced by pulsed rf discharge as verified by our previous experiments. 12 Similar to conventional ion implantation, the nitrogen concentration is the highest near the top surface, thereby confirming that PIII has been successfully conducted inside the tube. In contrast, the nitrogen signal is smaller without the PE as indicated by Fig.  3͑b͒ .
In summary, we have investigated theoretically and experimentally PIII into the interior surface of a slender and small-diameter cylindrical bore by means of an inner end source. The inner electrode with a protruding geometry shields the electric field from the tube bias consequently maintaining a steady rf discharge and bends the electric field line to enhance ion implantation. The method is experimentally verified using a tube 20 mm in inner diameter. Our results indicate that this method is very effective in implanting the interior surfaces of cavities, trenches, and tubes that are found in many industrial parts and components.
